Ferroelectrics usually adopt a multi-domain state with domain walls separating domains with polarization axes oriented differently. It has long been recognized that domain walls can dramatically impact the properties of ferroelectric materials. The enhancement of low-field susceptibility/permittivity under subswitching conditions is usually attributed to the reversible domain wall vibration. Recent experiments highlight the stationary domain wall contribution to the dielectric susceptibility irrespective of any lateral displacements or deformations of the wall. We study the effects of domain walls on low-field permittivity of PbTiO 3 with density functional theory and molecular dynamics simulations. The static dielectric constant is calculated as a function of increasing domain wall density and temperature. We find an increase of dielectric permittivity with increasing domain wall density, which is expected to occur at low driving field where the lateral motion of domain walls is forbidden. Real-space decomposition of dielectric response reveals that frustrated dipoles within the finite width of the domain walls are responsible for the enhanced low-field permittivity. * sliu@carnegiescience.edu † rcohen@carnegiescience.edu 1 arXiv:1609.08989v1 [cond-mat.mtrl-sci] The susceptibility therefore consists of two contributions: the intrinsic contribution that originates from the polarization change within the bulk of the domains and the extrinsic contribution that arises from domain wall motions. It is now widely recognized that domain walls can have a profound effect on the dielectric, piezoelectric and pyroelectric susceptibilities of ferroelectric materials. [3] [4] [5] [6] [7] [8] For example, experiments suggested that most (> 60%) of the dielectric and piezoelectric responses at room temperature in lead zirconate-titanate (PZT) ceramics is from the domain wall contributions [3, 5] , with both 180
Ferroelectrics characterized by the switchable spontaneous polarization under external field have served as critical components in electronics, optics, sensors, and actuators. [1] Ferroelectrics often possess complex domain structures with domain walls separating homogeneously polarized domains. In response to an applied stimulus that favors one polarization state over another, the domain wall can move to increase the size of the favored domain. [2] The susceptibility therefore consists of two contributions: the intrinsic contribution that originates from the polarization change within the bulk of the domains and the extrinsic contribution that arises from domain wall motions. It is now widely recognized that domain walls can have a profound effect on the dielectric, piezoelectric and pyroelectric susceptibilities of ferroelectric materials. [3] [4] [5] [6] [7] [8] For example, experiments suggested that most (> 60%) of the dielectric and piezoelectric responses at room temperature in lead zirconate-titanate (PZT) ceramics is from the domain wall contributions [3, 5] , with both 180
• and non-180
• walls contributing to dielectric response and non-180
• walls affecting piezoelectricity. [9, 10] Controllably optimizing the susceptibilities of ferroelectrics through domain wall engineering requires a microscopic understanding of the dynamics of domain walls in response to an stimulus. For a driving field of large amplitude, the domain wall contribution to the susceptibility shows strong field-amplitude dependence, which is attributed to the fieldinduced irreversible domain wall motion. The upper bound of the dielectric permittivity due to the displacement of 180
• domain wall can be approximated as ε DW ∼ = 2P s /ε 0 E c , where P s is the bulk polarization, E c is the coercive field and the factor of two comes from polarization reversal. For BaTiO 3 , using P s = 0.25 C/m 2 and E c = 1kV/cm gives ε DW ∼ = 560, 000. The total dielectric response is the weighted average of domain wall contribution and intrinsic bulk contribution, and is often much smaller than the upper bound due to the low volume fraction of domain wall.
For a stimulus that is much smaller than the coercive field, a number of mechanisms have been proposed to explain domain wall contrition to the enhanced dielectric response in the absence of domain wall motion. [11, 12] Lawless and Fousek proposed that the domain wall has excessive polarizability because the materials within the wall have polarization passing through zero and can be considered as being closer to the phase transition than materials in the bulk. [11] The temperature gradient and heat transfer across domain walls induced by electrocaloric effect of anti-parallel domains was also suggested to affect the frequency dispersion of dielectric susceptibility. [12] The idea of reversible domain wall vibration was also proposed to explain small-signal response. Unlike the typical domain wall motion that moves from one Peierls potential to another via nucleation-and-growth mechanism, [13] reversible domain wall motion comes from domain wall displacement inside one minimum of the Peierls potential. [14] The domain wall is considered as an oscillator with some effective mass and vibrates around the equilibrium position with displacement amplitude determined by electric and/or elastic restoring forces. [15] [16] [17] [18] [19] [20] However, the estimated domain wall displacement is only few percent of a lattice constant [11, 17] , which is not well defined microscopically considering that 1) atoms are discreet in crystalline solids; 2) a domain wall is at least one unit cell wide; 3) atoms move perpendicular to the direction of the domain wall vibration. Furthermore, the assumption that a domain wall has effective mass directly implies that a domain wall would exhibit inertial response, which was a subject of debate with both confirming [21, 22] and contradicting results [23, 24] . with first-principles density functional theory within the local-density approximation. The Next, we investigate the effect of atomic displacement on the value of static dielectric constant of PbTiO 3 with density perturbation functional theory (DPFT) using the ABINIT code. [27] We start with a fully relaxed 5-atom unit cell of PbTiO 3 , and apply small distor-tions to the Ti (Pb) atom. For each distorted structure, we calculate the short-axis (ε a ) and long-axis (ε c ) dielectric constants. It is found that structures with suppressed Pb and Ti displacement have both larger ε a and ε c ( Fig. 1c and d ). This shows that the domain wall characterized with smaller atomic displacements will possess higher dielectric susceptibility.
To understand the finite-temperature dielectric response of domain walls, we perform allatom molecular dynamics (MD) simulations taking the ferroelectric 180 of walls under periodic boundary conditions. An 80a x ×6a y ×80a z supercell is used to model domain structures with 90
• walls, where a x = (a + c)/2, a y = a, and a z = (a + c)/2 are averaged lattice constants along Cartesian axes. This choice of supercell dimensions leads to a typical c/a/c/a multidomain structure. [37] The local static dielectric permittivity(susceptibility) tensor at unit cell m, ε m ij (χ m ij ), is calculated using [33, [38] [39] [40] :
where ε 0 is vacuum permittivity, k B is the Boltzmann constant, T is the temperature, V is the volume of unit cell, i and j define Cartesian components, P The polarization profiles for domain structures with 180
• walls at 300 K obtained from MD simulations reveal frustrated polarization at domain boundaries (Fig. 2) . The width of a domain wall is approximately two unit cells thick, consistent with first-principle calculations. Within domain walls, the polarization (P DW ≈ 0.45 C/m 2 ) is much smaller than the polarization in adjacent bulk-like domains (P bulk ≈ 0.8 C/m 2 ). This is due to the competition between minimizing the local energy, which favors small deviation of local polarization from the bulk value, and minimizing the gradient energy, which prefers a small polarization change, 2P DW , across the domain boundary. The dipoles of smaller magnitude are expected to be more susceptible to external stimuli. We consider the dielectric permittivity in response to an electric field applied along the polar axis (z axis), ε zz . Figure We further estimated the total dielectric constant as a function of temperature and the volume fraction (γ) of domain walls. The volume fraction of domain walls is defined as 2n DW /N where n DW is the number of domain walls, N = 48 is the supercell dimension along the x axis, and the factor of two comes from the observation that each domain wall consists of two layers of unit cells. We find a nearly linear dependence of ε zz on temperature below 350 K, far below the phase transition temperature of PbTiO 3 (Fig. 4a) , and ε zz increases almost linearly with γ under a given temperature (Fig. 4c) .
The real-space decomposition of the total ε zz allows the examination of individual contributions from domain walls (ε 0.35, Fig. 4d ).
• domain wall structure itself can enhance the dielectric response by almost a factor of two at room temperature.
Similar susceptibility enhancement applies to 90
• walls as well. Figure 5 shows the simulated layer-resolved polarization profiles at 300 K for multidomain structures with 90
• walls separating +P z (green) and +P x (red) domains. The width of 90
• domain walls is 4-5 unit cells, and dipoles within domain walls have smaller magnitudes, just as 180
• domain walls.
We used an orthorhombic supercell, so the angle between the polarization axes of neighboring domains is exactly 90
• instead of 2arctan(a/c) that is geometrically required for a tetragonal ferroelectric. The domains are therefore strained. We find that when the domain size is comparable to the domain wall thickness, the unit cells inside domains also obtain smaller polarization. Here, we focus on the ε zz component in response to electric field along the z direction. The real-space profile of local ε m zz for a supercell with four walls at 300 K reveals that domain boundaries have larger permittivity values (Fig. 6a) . Layer-resolved ε zz (Fig. 6b) provides more details. As expected, the ε zz of P z domains is smaller than that of P x domains. This agrees with first-principles [41, 42] and experimental [43, 44] results that PbTiO 3 in the tetragonal phase has a higher dielectric constant along the short axis.
The values of local permittivity at 90
• domain walls are about two times higher than those in domains. We also note that the ε zz of P z domains in domain structures with only 90
• walls is higher than that in domain structures with only 180
• walls (Fig. 3 ). This is due to the strain effect discussed above, and is consistent with the experimental and theoretical observations that compressive strain gives rise to larger dielectric constant in ferroelectric thin films and superlattices, [45, 46] and is also consistent with our DFT calculations that reduced atomic displacements cause higher dielectric response ( Fig. 1c and d) . The intrinsic ε zz for a domain structure with 50% a domain and 50% c domain is about 40-60, estimated with 2/(ε
c ) assuming c and a domains as serial capacitors. Our simulations show that the domain structure with 90
• walls has much larger dielectric response, and more domain walls lead to higher values (Fig. 6c) . This highlights the contribution form stationary domain walls. The ε 
